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Abstract
Six antibiotic resistance genes (blaCTX-M, blaSHV, blaTEM, qnrA, qnrB
and qnrS) were quantiﬁed by qPCR in both phage and bacterial
DNA fractions of environmental water samples in order to
determine the contribution of phages to the dissemination of
antibiotic resistance genes (ARGs) in the environment. Although
the highest copy numbers (p <0.05) of ARGs were detected in the
bacterial DNA fraction, qnrS and blaSHV genes were found in the
phage DNA from all samples analysed, reaching up to 4 log10 copy
numbers/mL in hospital samples. These results indicate that
bacteriophages are a potential reservoir of resistance genes and
may act as efﬁcient vehicles for horizontal gene transfer.
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The wide use of antibiotics has contributed to the spread of
antibiotic resistance owing to the release of antibiotic
compounds, antibiotic-resistant bacteria and antibiotic resis-
tance genes (ARGs) into the environment [1]. Aquatic
environments constitute large reservoirs of antibiotic-resistant
bacteria carrying ARGs, which could be spread among bacteria
through horizontal gene transfer [2]. This phenomenon is
mediated by the transfer of mobile genetic elements such as
plasmids, genomic islands, transposons and integrons by
conjugation, transformation and also by bacteriophage
transduction [3].
Several studies have demonstrated that transduction takes
place in natural settings such as freshwater and wastewater
environments and they further identiﬁed bacterial 16S ribo-
somal DNA sequences in the viral fraction of the wastewater,
showing the ability of phages to carry bacterial genes [4,5]. In
fact, recent studies have been focused on the role of phages as
potential candidates for the spread of ARGs [6], as they may act
as efﬁcient vehicles for horizontal gene transfer and recombi-
nation [7,8] more frequently than previously believed [9]. Given
the fact that up until now the number of studies regarding the
contribution of bacteriophages to the acquisition of ARGs in the
environment is limited, this study was focused on the detection
of blaCTX-M, blaSHV and blaTEM genes, which confer resistance to
b-lactams, and qnrA, qnrB and qnrS genes, which confer reduced
susceptibility to ﬂuoroquinolones, in different environmental
settings. These ARGs were quantiﬁed by real-time PCR (qPCR)
in the phage DNA fraction of environmental water samples.
Moreover, we also quantiﬁed the selected ARGs in bacterial
fractions to compare the results obtained in phages.
Five water samples were obtained from two different
wastewater treatment plants (WWTPs) and from two hospi-
tals, all located in Girona except for one WWTP that was
located in Ripoll, all of them in the Autonomous Community of
Catalonia, Spain. In the case of both WWTPs, samples were
collected from the treated efﬂuents. Regarding the hospitals, in
Josep Trueta (JT) Hospital, samples from the untreated efﬂuent
containing all the sewage from the hospital were taken, while in
Santa Caterina Hospital we had the opportunity to collect
water samples from two untreated efﬂuent outlets, the ﬁrst
one containing the wastes derived from hospitalized patients
(SC) and the second one representing wastewater that came
exclusively from the emergency department (ED-SC). Four
replicates of 1-L samples were collected, kept at 4°C and
transported immediately to the laboratory for analysis.
All samples were initially evaluated for faecal contamination
by enumerating Escherichia coli, total coliforms and somatic
coliphages. E. coli and coliforms were detected and quantiﬁed
using Chromocult coliform agar (Merck, Darmstadt, Ger-
many), whereas somatic coliphages were enumerated by
standardized methods, as previously described [10]. The four
replicates of each sample were subsequently ﬁltered through
low protein-binding 0.22-lm-pore-size membranes (Millipore,
Bedford, MA, USA), which allowed the passage of phage
particles in the ﬁltrate, while bacteria were retained on the
membrane surface. Bacteria were resuspended in lysis buffer
for the following DNA extraction, which was performed using
the DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. The ﬁltrates that
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contained viruses were concentrated to 1 mL using 100 kDa
Amicon Ultra centrifugal ﬁlter units (Millipore) and were
treated with DNase (100 U/mL) to eliminate free DNA
outside the phage particles. Phage DNA was then extracted
and puriﬁed as described previously [6].
The six selected ARGs were quantiﬁed in the bacterial and
phage DNA fractions by qPCR. All qPCR assays were
performed in duplicate on an Mx3005P system (Agilent
Technologies, Santa Clara, CA, USA) using SYBR Green
detection chemistry. Each reaction was carried out in a total
volume of 30 lL, containing 1 lL of template, the corre-
sponding concentration of each primer (from 0.2 to 0.6 lM)
and 2 9 Brilliant III Ultra Fast QCPR Master Mix (Agilent
Technologies). Primers used in each qPCR assay are given in
Table S1. Standard curves were generated using known
quantities of cloned target genes. Brieﬂy, PCR amplicons from
positive controls were cloned using the TOPO TA cloning kit
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
instructions. Plasmids were then extracted using the PureLink
Plasmid kit (Invitrogen), and copy number was calculated as
described previously [11]. Ten-fold serial dilutions of plasmid
DNA were ampliﬁed in triplicate to establish the standard
curve for each qPCR assay. Statistical analysis was performed
using SPSS 17.0 software (SPSS, Chicago, IL, USA).
Plate counts showed that faecal indicator levels, both
bacterial and viral, were signiﬁcantly higher (p <0.05) in the
TABLE 1. Faecal coliforms and E. coli as bacterial indicators
and somatic coliphages as viral indicators detected at ﬁve
different sampling points
Samples
Log (CFU/mL)a
Log (PFU/mL)a
Faecal coliforms E. coli Somatic coliphages
Girona WWTP 2.87 (0.05) 2.19 (0.10) 1.65 (0.33)
Ripoll WWTP 1.42 (0.15) 0.58 (0.68) 1.31 (0.23)
JT Hospital 4.95 (0.07) 4.49 (0.05) 4.00 (0.05)
SC Hospital 5.80 (0.10) 4.88 (0.11) 4.61 (0.08)
ED – SC Hospital 4.29 (0.13) 3.14 (0.05) 2.15 (0.17)
aMean values (n = 4) and standard deviations (in parentheses) are shown.
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FIG. 1. Absolute concentration of ARGs in the bacterial (light brown) and phage (green) DNA fraction of different environmental samples. Within
the box plot chart, the crosspieces of each box plot represent (from top to bottom) maximum, upper-quartile, median (black bar), lower-quartile and
minimum values. Asterisks (*) indicate values below the detection limit.
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hospital efﬂuent samples than in those from WWTP discharge
points (Table 1), as expected, because it has been demon-
strated that wastewater treatment processes can signiﬁcantly
reduce the microbial load [12]. However, there is evidence
that some treatment plants may increase the proportion of
resistant bacteria at the end of the process [13].
The quantiﬁcation results for all ARGs analysed are shown in
Fig. 1. Overall, higher copy numbers (p <0.05) of ARGs were
detected in the bacterial DNA fraction than in the phage DNA
fraction. However, ARGs such as qnrS and blaSHV were found in
the phageDNA from all samples analysed, reaching up to 4 log10
copy numbers/mL in the SC hospital and JT hospital efﬂuent
samples, respectively. Comparing the results among different
sampling sites, wastewater samples from hospitals showed a
higher prevalence of ARGs, both in bacterial and viral DNA, than
those samples from WWTP efﬂuents. These values were in
accordance with culture results, because we found more ARG
quantities where there was more faecal pollution and conse-
quently, the microbial load was higher. Moreover, it is likely that
microorganisms would have acquired ARGs in the gastrointes-
tinal tract of hospitalized patients under antibiotic treatment and
were then excreted to hospital wastewater. Phage results agree
with previous studies that have reported the presence of these
viruses in various sewage-carrying b-lactamase genes [14]. The
samples collected at the emergency department showed a lower
prevalence of all ARGs than the hospital efﬂuents. This could be
explained by the fact that the faecal input towastewater from the
emergency department is smaller than that from the long-stay
hospitalization area. In Ripoll WWTP, the blaSHV and qnrS genes
were only detected in the phageDNA fraction. Interestingly, the
culture results from this sampling point showed the highest
proportion of somatic coliphages in relation to bacterial faecal
indicators in comparison to other sampling points, suggesting
that in this case, phages have persisted better in the environment
than their bacterial hosts, as previously reported [3].
In conclusion, we demonstrated that phages may be efﬁcient
vectors for the acquisition and dissemination of ARGs [6,14].
Taking into account that the viruses of prokaryotes are highly
diverse and constitute the majority of organisms on the planet
[15], the potential reservoir of genes that can be transferred
by phages is immense [16]. Thus, considering the growing
evidence that clinical resistance is closely associated with
antibiotic resistance in the environment, the role of bacterio-
phages in ARG transfer cannot be overlooked.
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